Minority recombination lifetimes of n−type
Introduction
Photothermal methods are important for determination of different physical parameters of electronic materials. A pho− toacoustic method, which is one of the photothermal meth− ods, was applied for example for: investigations of the opti− cal absorption coefficient spectra of mixed crystals [1] , in− vestigations of the surface damage of semiconductor sam− ples [2] , determination of the quantum and energy effi− ciency of luminescence [3] or determination of the lifetimes of carriers in semiconductors [4] . In this paper another pho− tothermal method -a photothermal radiometry (PTR) was applied for investigations of the lifetimes of optically gene− rated carriers in a series of CdMgSe crystals.
CdMgSe crystals are important optoelectronics materi− als as their energy gap can be tuned by the change of the concentration of Mg. Cd 1-x Mg x Se alloys are considered to be promising for fabrication of full colour visible optical devices since band−gap energies of CdSe and MgSe are 1.74 eV and 4.2 eV, respectively [5] . Moreover, Cd 1-x Mg x Se alloy has been successfully applied as graded injector in constructing green−light−emitting structures [6] . The optical, thermal and electrical properties of these crystals were studied in papers [7] [8] [9] .
In this paper a minority carrier recombination lifetime t in n−type Cd 1−x Mg x Se crystals and a diffusion length of minority carrier L D in n−type CdSe crystal were estimated by means of the photothermal infrared radiometry (PTR).
The PTR signal arises as a result of the infrared emission from the semiconductor due to the thermal and plasma waves propagation. The thermal and plasma waves are the result of the illumination of the sample by the intensity mod− ulated beam of light. The theory and experiment of the PTR method was described in papers [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The PTR method was used to obtain information about carrier transport parameters such as carrier recombination lifetimes, surface recombination velocities and carrier diffusion coefficients. Most of the papers concerned especially semiconductors exhibiting indirect band transitions such as Si and Ge what caused a long lifetime of carriers, of the order of 10 μs or longer, and the frequency of modulation 10 5 Hz was suffi− cient. This paper is an attempt of the estimation of a much shorter lifetime of carriers for semiconductors exhibiting the direct band to band transitions with the PTR method.
Materials and methods

Sample preparation
The n−type Cd 1-x Mg x Se single crystals were grown by the high−pressure Bridgman method without a seed under an argon overpressure [5] . The crystals were cut perpendicu− lar to the growth direction into 0.9 mm to 1.3−mm thick plates. Next, the plates were mechanically polished and chemically etched in a mixture of K 2 Cr 2 O 7 , H 2 SO 3 and H 2 O in the proportion of 3:2:1. Then they were treated in CS 2 and hot 50% NaOH solution and finally rinsed in wa− ter and ethyl alcohol.
Experimental methods
The PTR experiments were conducted at room temperature in a reflection configuration. The IR response of the thermal and plasma waves was detected on the same side as they were generated. The experimental PTR setup is presented in Fig. 1 .
The thermal and plasma waves were excited using an argon ion laser (LASER) with the output power of 600 mW and the photon energy E of 2.41 eV. The laser beam of about 2−mm diameter was intensity modulated by means of an acousto−optical modulator (A−O M) in the frequency range of 100 Hz to 100 kHz and focused onto the sample. Two BaF 2 lenses (L 1, L 2 ) were used to collect IR radiation from the sample on the photoconductive Mercury Cad− mium Telluride (MCT, HgCdTe) detector with the de− tectivity peak at 10.6 μm. The MCT detector covering the infrared range from 2 μm to 12 μm was supplied with a ZnSe cut−off filter (F) in the front. The signal of the MCT detector was amplified and filtered by a lock−in amplifier (LIA, Stanford 830 DSP) and analysed by a PC computer (PC). The measurements were performed at the Ruhr Uni− versity in Bochum, Germany in Prof. Josef Pelzl's labora− tory. Supplementary Hall measurements of Cd 1−x Mg x Se single crystals were measured by means of van der Pauw method.
Theoretical model and numerical simulations
The periodical thermal DT and carrier density Dn fields in a sample generated with the absorbed, modulated in inten− sity, beam of light create two sources of the infrared radia− tion. The periodical thermal field DT, called the thermal wave, is a function of the frequency of modulation f, the sample's thickness l, the thermal conductivity l, the thermal diffusivity D t , the recombination lifetime t, the carrier diffu− sion coefficient D, the front and back surface recombination velocities V g and V b , respectively, the energy band gap E G , the photon energy E, and the optical absorption coefficient b. It describes lattice absorption, intraband de−excitation, and hot−electron interband recombination processes in the illuminated sample [12] . The periodical carrier density Dn field, called the plasma wave, is the result of the generation of the periodical concentration of carriers in the conduction band. It causes a modulation of the constant IR radiation of the sample being the result of a free carrier absorption of this radiation. In general the photothermal infrared radio− metry frequency signal is a sum of thermal and plasma components [11] 
where C t and C n are the thermal and plasma components' coefficients, respectively. The mathematical formula for DT was given in Refs. 16 and 17. The mathematical formula for Dn was also given in Refs. 16 and 17.
From ellipsometry measurements of CdMgSe mixed crystals [8] the absorption coefficient at the energy of 2.41 eV for investigated samples could be estimated to be of the order of 10 5 cm -1 and the values of the energy gap increase with an increasing magnesium concentration from 1.72 eV for CdSe crystals to 2.14 eV for the Cd 0.85 Mg 0.15 Se crystals. One can show that in an optically opaque sample the ther− mal wave phase very weakly depends on the mentioned parameters, especially for semiconductor with rather poor thermal parameters and at frequencies higher than 100 Hz [9] . For the infrared semi−transparent sample the thermal wave phase is constant and equal to -90 degrees. Therefore, the PTR signal can be written as 
PTR f
where A is the thermal−to−plasma component coefficient and the mathematical formula for Dn was given in Ref. 21 . Fi− gure 2 presents different frequency characteristics of the PTR signal when the thermal or plasma components domi− nate or the PTR signal is a superposition of both compo− nents.
In the case when the thermal component dominates in the PTR signal one can see that the amplitude decreases with an increasing modulation frequency and the phase of the PTR signal is constant (-90 degrees). In the opposite case, when the PTR signal is dominated by a plasma compo− nent one can observe that the PTR amplitude and phase characteristics are constant until the characteristic knee fre− quency is reached at the frequency when 2 · p · f · t = 1. In the case when the PTR signal is a superposition of the ther− mal and plasma components it is possible to obtain informa− tion about recombination properties even when the charac− teristic knee is not observed. For semiconductors with very short carrier recombination lifetimes and with polished sur− faces an influence of the carrier diffusion coefficient and the front surface recombination velocity on the PTR frequency spectra can be neglected. Hence, the hole diffusion coeffi− cient and recombination surface velocities were set to be 1.95 cm 2 /s and 300 cm/s, respectively [22] . Computations illustrating the influence of the carrier recombination life− time on the frequency amplitude (a) and phase (b) PTR characteristics are presented in Fig. 3 . Computations were performed according to Eq. (2).
As one can see from It is clearly seen from Fig. 4 that with the increasing thermal−to−plasma component coefficient A the plasma component decreases and phase lag decreases. In summary, for semiconductors with very short carrier recombination lifetimes and with polished surfaces PTR amplitude and phase frequency spectra are mainly depended on two para− meters in the frequency range below the characteristic knee.
Experimental results and discussion
All the experimental amplitude and phase PTR characteris− tics of CdMgSe mixed crystals were corrected with the experimental amplitude and phase PTR characteristics of a glassy carbon reference sample of well−known theoretical frequency amplitude and phase PTR characteristics. The normalized PTR(f) amplitude characteristics were self−nor− malized at 100 Hz. Experimental and theoretical amplitude and phase PTR frequency characteristics of CdSe and Cd 0.85 Mg 0.15 Se crystals are presented in Fig. 5 and in Fig. 6 , respectively.
It is clearly seen from Figs. 5 and 6 that the normalized PTR amplitudes and phases of investigated crystals demon− strate that (1) the PTR signal is a superposition of the ther− mal and plasma components, (2) recombination lifetimes of these crystals are below 1 μs. In Table 1 One can see from Table 1 Figure 7 presents the relation between the thermal−to−plasma components coefficient A and a carrier concentration.
It is clearly seen that with the increasing thermal−to− −plasma component coefficient A the carrier concentration of majority carriers increases. This is because the ther− mal−to−plasma component coefficient A is proportional to the thermal component C t in Eq. (1). It turns that the thermal component C t is proportional to the infrared absorption coe− fficient [11] . In the frame of the classical Drude theory the infrared absorption coefficient is proportional to the carrier concentration N. Hence, the thermal−to−plasma component coefficient A is proportional to the carrier concentration N. The observed linear relation between the carrier concentra− tion and the thermal−to−plasma component coefficient, as well as the estimated value of hole diffusion length in CdSe indicate that it is possible to estimate the carrier recombina− tion lifetime as short as 0.1 μs by PTR method at fre− quencies below the characteristic knee.
Conclusions
The experimental results and theoretical considerations show that it is possible to determine the lifetime of carriers with the PTR measuring method even when the characteristic fre− quency knee is not observed. This is because a superposition of thermal and plasma components as a function of the frequency of modulation yields information about carrier recombination lifetimes as short as 0.1 μs. The results obtained by the PTR method indicate that the lifetimes of optically generated car− riers in CdSe and Cd x Mg 1-x Se crystals are about 0.1 μs. The diffusion length of minority carriers in n−type CdSe crystal is 4.42 μm and it is in a good agreement with the literature value. It was found that with the increasing thermal−to−plasma com− ponent coefficient A the carrier concentration increases as expected from PTR theory. 
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